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Abstract

As the energy transition progresses and generation units become more decentralized, the grid-forming capabilities of
inverters are gaining importance in the energy supply system. Although grid-forming inverters have been researched for
some time, newly developed features add complexity to the testing framework. The design of the test grid is critical for
ensuring accurate and reliable test results. This publication demonstrates how Rapid Control Prototyping (RCP) and
Power Hardware-in-the-Loop (P-HiL) techniques create flexible test structures in the laboratory. It starts by presenting
the RCP and P-HiL inverter used. Following that, it shows how the device merges both RCP and P-HiL functionalities
and how the development environment supports rapid transition from concept to validation of innovative inverter control
strategies. The focus then shifts to the grid-forming function under test, specifically the interaction between two grid-
forming inverters. A microgrid serves as the test grid string, equipped with the RCP inverter and the P-HiL setup. The
inverter uses a grid-forming control system to supply the test grid string, where real loads are connected. The P-HiL setup
emulates a microgrid through a real-time computer, connected to the real test grid string via the P-HiL amplifier. This
example highlights the synchronization process, load sharing, and the essential use of grid-forming features. The labora-
tory test implementation is shown with the RCP inverter and P-HiL amplifier. The flexible test setup is detailed, and the
approach's advantages are visualized. An analysis of the test results is then performed, showcasing how the grid-forming
control responds during load sharing and synchronization. Finally, the results and test setup are discussed, presenting the
key findings from the test.

1 Motivation

The transition to renewable energy results in the loss of sta- 2 Grid-F orming Control of Inverter

bility previously provided by large power plants [1]. To
maintain this stability, grid-stabilizing systems must be in-
tegrated. According to the System Stability Roadmap from
the German Federal Ministry for Economic Affairs and
Climate Actions [2], inverters play a key role in this pro-
cess. These inverters will be equipped with grid-forming
functions to ensure supply security.

As part of this development, laboratory test procedures will
also need to be expanded. A central question in this context
is how to design an appropriate testing grid. The construc-
tion of such test grids can be very comprehensive and must
be continuously adapted to the scenarios being tested.
Methods such as Power-Hardware-in-the-Loop (P-HIL)

Grid-forming converters are characterized as a voltage
source with impedance and therefore independent on an ex-
ternal synchronization voltage. In this context, they can
serve as substitutes for synchronous machines and make a
significant contribution to stable grid operation. The grid-
forming capabilities allow a wide range of applications,
from island grid operation to potential interconnected grid
operation. This publication focuses on the parallel opera-
tion of grid-forming converters in island grid operation.[5].
Figure 1 illustrates the structure of a control system for a
grid-forming inverter and will be used in the following
considerations [6].
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scenarios and use cases relevant to grid-forming systems.

Especially in the current phase, efficient testing methods
are needed for research and development to successfully
implement the System Stability Roadmap [2] in Germany.

Figure 1 Schematic of a grid-forming inverter with the
measurement and control circuit [6]

The structure of the grid-forming inverter shows the power
electronic module, which is connected to a microgrid via a
grid filter, in this case, an LCL filter. The control of the
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inverter includes power calculation, the grid-forming con-
trol, current limitation, and pulse width modulation to drive
the power electronic module. The measured values of grid
current and voltage are captured.

The following sections will focus more closely on the grid-
forming control and the current limitation essential for par-
allel operation.

2.1 Grid-forming control

Under the umbrella term of grid-forming control, various
approaches can be found. Popular concepts include the vir-
tual synchronous machine [7], or droop-based methods [8,
9]. In this context, a droop-based grid-forming control with
two phase angle feedforwards are applied. This approach
aims to enhance system stability and performance of the
converter. The chosen method will allow for better integra-
tion of renewable energy sources and improve the overall
reliability of the microgrid operation.

The presented grid-forming control includes a droop con-
trol and configurable first order low pass filters for inertia
emulation [5, 6]. Furthermore, two phase angle feedfor-
ward paths can significantly increase the dynamics and pre-
vents cross-coupling effects in resistive networks. Figure
2 shows the control structure.
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Figure 2 Droop based grid-forming control with phase an-
gle feedforward [6]

The droops are set using the parameters k,,, and k,. Addi-
tionally, the filter time constants T,, and T, have an influ-
ence on the response of the amplitude and the phase angle
of the provided voltages phasor according to changes of the
connected grid. Properly tuning these parameters is vital
for achieving a good performance of the grid-forming in-
verter, especially in scenarios where there are rapid
changes in load or generation within microgrids.

As presented in [9], the droop-based grid-forming control
demonstrates significantly better performance with a grid-
forming controlled inverter compared to a conventional
synchronous machine. For instance, in a load shedding ex-
periment, the frequency overshoot caused by the load shed-
ding was approximately 40-50% lower in the experimental
tests with the grid-forming inverter. This improvement is
attributed to the high damping capability provided by the
angle feedforward. In terms of frequency stability, in-
verter-based systems equipped with this grid-forming con-
trol can effectively replace synchronous machines in terms
of inertia and frequency control. Moreover, they signifi-
cantly enhance the damping behavior of the system in re-
sponse to frequency oscillations. [9].

2.2 Current Limitation

Additionally, the current must not exceed the device limits
defined by the voltage setting characteristic and must be
limited [10, 11]. Among various methods, three popular
concepts are utilized: current limiters, virtual impedance,
and voltage limiters. In this publication, a voltage limiter
concept is chosen due to its effective current limitation per-
formance and fault recovery capability [11]. The principle
of the voltage phasor-based current limitation used in this
approach is illustrated in Figure 3. This method ensures
that the inverter can maintain operational integrity while
responding to fault conditions, thereby enhancing overall
system reliability and safety.
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Figure 3 Voltage phasor-based current limitation [10]

The implicit current limitation is achieved by restricting the
provided voltage phasor within a permissible area around
the measured output voltage phasor. Specifically, the cur-
rent limitation for the desired maximum current I,,,,, can
be accomplished by defining a circular permissible region
for the provided voltage phasor U; around the measured
output voltage phasor U,. The maximum radius r is deter-
mined by the equation Uy jax = Iy * Z; Where Z; repre-
sentes the inverter impedance [10]. This approach ensures
that the current remains within safe operating limits,
thereby protecting the inverter and the overall system from
potential damage during transient conditions or fault
events.

3  Power Hardware-in-the-Loop and
Rapid Control Prototyping Sys-
tems

In this chapter, RCP and P-HiL will be examined in detail
and the differences explained. RCP focuses on quickly de-
veloping and testing control algorithms in a simulated en-
vironment, allowing for fast iterations and adjustments. In
contrast, P-HiL integrates actual systems with hardware
and control components, enabling a more realistic assess-
ment of system behavior under real-world conditions.

Additionally, this chapter will present an approach for the
implementation and demonstration of grid-forming control
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systems for inverters. This approach aims to showcase how
these control strategies can be effectively tested and vali-
dated through both RCP and P-HiL techniques. By inves-
tigating these methods, their strengths and limitations be-
come clear, ultimately leading to improved performance
and reliability in grid-forming inverter applications.

3.1 Rapid Control Prototyping

With RCP, faster development of control algorithms is
achieved. The focus is on evaluating functionality and
early implementation of control algorithms on computa-
tional hardware. The intention is to initially use more ex-
tensive and faster computing hardware for RCP, in order to
be more flexible in the implementation and to reduce pro-
gramming effort. For RCP a powerful microcontroller is
employed, allowing for a simplified workflow in program-
ming. Automatic code generation from a model-based de-
velopment environment is a very useful workflow with
RCP. In device production a smaller and less expensive mi-
crocontroller will be used, which will be accompanied by
more intensive code optimization. A powerful microcon-
troller is employed, allowing for a simplified workflow in
programming. Commonly, automatic code generation from
a model-based development environment is utilized.

The workflow with automatic code generation is a signifi-
cant advantage of the RCP approach. This enables the de-
veloper of a concept to validate it in real-time on hardware
with only rudimentary programming skills. These aspects
facilitate the straightforward implementation of the control
algorithm and allow for investigations in a real-time envi-
ronment. In this publication, an extended approach to RCP
for inverters is presented. The computational unit is en-
hanced with a power inverter module that imitating a pro-
grammable inverter setup that closely resembles real-world
conditions, providing a more accurate testing and valida-
tion platform for the developed control strategies.

Figure 4 shows a block diagram of the setup of an RCP
system.
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Figure 4 Block diagram of an RCP system extended with
an inverter for comprehensive device under test interaction
studies

The core component remains the computational unit,
which is now connected to a test environment via an in-
verter. The extended RCP system can thus exchange not

only small or digital signals but also power with the test
environment.

In this case, the computational unit executes the previously
presented grid-forming control along with current limita-
tion and power calculation. Due to the flexible and often
automatic programming, the user can easily switch be-
tween different model-based control approaches or make
adjustments and directly examine the effects. The error-
prone and lengthy translation of the model into code is han-
dled by the workflow of the RCP system.

In this instance, the model-based development is carried
out using MATLAB/Simulink, allowing for a seamless in-
tegration of control strategies and facilitating rapid proto-
typing and testing in a realistic environment. This approach
enhances the overall efficiency of the development process
and improves the reliability of the control algorithms being
tested.

3.2 Power Hardware-in-the-Loop

P-HiL is fundamentally similar to an extended RCP sys-
tem. It utilizes a highly capable computational unit to cal-
culate complex systems in real-time. The main difference
from the RCP approach is that the so-called real-time com-
puter is designed to emulate larger, more complex systems,
whereas the RCP focuses primarily on the control of a sin-
gle device.

Additionally, the power interface, facilitated by an ampli-
fier, is an essential part of the P-HiL system, as it translates
the small signals from the emulated system into power. P-
HiL enables the representation of the interaction between
the test environment and the connected test device. Addi-
tional opens up the realization of complex test environ-
ments for individual devices without extending the test
equipment.
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Figure 5 Block diagram of a P-HiL System with an
emulated microgrid example

In Figure 5, the P-HiL setup is used to represent a small
microgrid in real-time and to investigate the behavior of
test devices under various grid scenarios. This allows for
efficient testing and validation of control strategies in real-
istic conditions, providing valuable insights into system
performance and stability.
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3.3 Combining RCP and P-HiL for Grid-
Forming Control Validation

The combination of the previously explained techniques
enables the realization of flexible test setups. Once an RCP
system is connected to a P-HiL system, various control ap-
proaches can be validated. In this case the RCP system
serves as the test device, while the P-HiL system acts as the
test environment.

The P-HiL system can execute different kinds of testing
environments, in this case it emulates a microgrid. The
RCP system, for this investigation, is equipped with the
droop-based grid-forming control and the phasor-based
current limitation. The RCP system functioning with a
switch-mode amplifier like a realistic grid-tied inverter.
This setup allows the investigation of the interaction be-
tween a grid-forming control and the emulated microgrid.
Additionally, there is the possibility to integrate further real
components through the power interface. Making the com-
bination a very use full, flexible and reality-based labora-
tory validation platform.

4  Laboratory Setup for Grid-Form-
ing Control Tests

A test setup was developed using P-HiL and RCP tech-
niques for the laboratory investigation of the parallel oper-
ation of two grid-forming inverters in an island grid con-
figuration. This setup involved the implementation of a P-
HiL system, in which a simple microgrid was emulated. In
this case, the microgrid consists of the interconnection of a
(virtual) grid-forming inverter with a power rating of
34.5 kVA and a (virtual) passive load of 5 kW. Addition-
ally, a (real) variable load is connected to the power inter-
face, which will be switched in multiple stages between
0 kW and 80 kW throughout the laboratory experiment.
The RCP system also has a power rating of 34.5 kVA, is
equipped with the grid-forming control, and is connected
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to both the real load and the P-HIL system. For the experi-
mental setup a real-time system from OPAL-RT was used.
Additionally, two combined P-HiL amplifiers and RCP
systems of the type RICOSO [12] from Fraunhofer IEE
were used. The resulting test setup is shown in Figure 6.
For the later analysis of the measurement data, two data
loggers are used, which directly record the output voltage
and current of the RCP system as well as the P-HiL system.

This setup allows the RCP inverter to effectively interact
with the emulated microgrid. This enables the investigation
of the dynamic responses of the grid-forming control under
various load conditions and their impact on the stability of
the island grid. Furthermore, potential improvements in
control technology can be identified to optimize the perfor-
mance and efficiency of the control system in parallel op-
eration.

S  Test Execution and Analysis of
Results

The test investigates the interaction between the two grid-
forming inverters. Various load steps are performed, when
adding the real and virtual loads the maximum load reaches
85 kW. This exceeds the applied inverter capacity of two
times 34.5 kW, which is why the activation of current lim-
itation is expected.

The results and test execution are shown in Figure 7. The
upper graph displays the RMS voltage in percentage units,
while the middle graph shows the RMS current in percent-
age units and the lower graph illustrates the frequency. The
measurements from the P-HiL system are colored in or-
ange, and the RCP inverter measurements are represented
in blue. The dotted line at the current graph indicates the
maximum allowed current.

N
~

P-HiL Amplifier

Real Load

Figure 6 Test setup including a real variable load and two RICOSO systems
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MG Operation: Converter Voltages
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Figure 7 Diagram of the RMS voltage, RMS current, and
frequency in the laboratory experiment for the parallel op-
eration of grid-forming inverters.

At time step t, = 0 s, the test begins with the running P-
HiL system, but the RCP system is still off. At time step
t; = 10 s, the RCP system is activated and connected to
the microgrid, resulting in a minor load exchange due to
the droop control of the grid-forming control and the emu-
lated microgrid load of 5 kW.

Furthermore, at t, = 27 s Figure 7 shows the reaction to
an activation of an additional load of 30 kW. The grid-
forming inverter quickly reacts, and a new stable operating
point is established. Due to the internal emulated load, we
observe an uneven load distribution. The frequency drops
in accordance with the configured droop settings to 49 Hz.
At t; = 60 s, the real variable load is increased to 50 kW.
As a result, another drop in frequency can be observed, fol-
lowed by the establishment of a new stable operating point.
At time step t, = 94 s, the variable load is further in-
creased to 80 kW. At this point, the requested load power
exceeds the rated power of the inverters. In the current di-
agram, it can be observed that the current from the RCP
system does not rise above 1 pu, as the inverter is operating
in current limitation mode. It is also evident that the meas-
urements of the P-HiL current do not reach 1 pu. However,
it should be noted that the virtual grid-forming inverter still
needs to supply the 5 kW load in the emulated environment
and the measurements are only recorded at the amplifier of
the P-HiL system. Within the emulated system, the inverter
is in current limitation mode. The frequency drops to the
lowest configured droop point of 48 Hz, and the voltage
also decreases in response to the current limitation. The
Figure 8 shows an enlargement of the signals at time step
t, = 94 s from the RCP system.

It can be observed that initially a clean sinusoidal current
is fed in. Once the variable load is increased to 80 kW, the
current shows values up to 1 pu. The current limitation
function reliably ensures that the inverter does not exceed
its rated current; however, additional harmonics are intro-
duced in the process. The next load change, shown in Fig-
ure 7, occurs at time step t; = 110 s. At this point, the var-
1able load is reduced to 50 kW, and both inverters return to

normal operation, restoring the load sharing as it was be-
fore the current limitation event.

MG Operation: RCP Converter Voltages
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Figure 8 Diagram of the current and voltage measure-
ment from the RCP system at time step t, = 94.15 s

6 Conclusion

Initially, the grid-forming control was introduced, fol-
lowed by the presentation of an appropriate current limita-
tion function. The construction of an RCP system with a
power interface was explained. Subsequently, the setup of
Power Hardware in the Loop systems was discussed. The
combination of these two systems was presented, followed
by the test setup, which included an emulated microgrid,
one real and one virtual grid-forming inverter, and the var-
iable load. During the test execution, various load situa-
tions were considered, with a notable event being the par-
allel operation under current limitation conditions.

The combination of RCP and P-HiL techniques enables
rapid validation of control concepts in a realistic environ-
ment. By allowing the emulation of various grid scenarios,
it is possible to quickly switch between simple and com-
plex test environments without the need to expand the la-
boratory with real hardware. The techniques presented fa-
cilitate the creation of flexible test environments that are
specifically necessary for grid-forming inverters. Novel
designs like the RICOSO system are multifunctional. The
System is able to act as an RCP system with the internal
processing unit and can be extended by a real-time com-
puter to become a P-HiL System.

A simple microgrid was emulated, which will be elabo-
rated in future investigations to include additional grid op-
erating resources. Furthermore, it is planned to optimize
the interface method of the P-HiL system for the use case
in the upcoming tests. It is suspected that the harmonics in
the case of current limitation are caused by the interface
method. Further steps involve employing different grid-
forming techniques and current limitation methods.
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